Introduction modification by MTSES. We conclude that minK directly lines the pore of a voltage-gated K ϩ channel. The pore of an ion channel determines its selectivity and conduction characteristics, and residues that line Results channel pores have been sought to study the molecular basis for channel function (Hille, 1992) . One successful MTSES Blocks a Subset of MinK method has been to screen site-specific channel muCysteine Mutants tants for residues that alter blockade by agents that As potential minK probes, water-soluble, membranephysically occlude the ion conduction pathway (Miller, impermeant, sulfhydryl-specific methanethiosulfonate 1995) . Two agents used to study voltage-gated K ϩ chanderivatives were screened (Akabas et al., 1992 ; Stauffer nels are methanethiosulfonate-ethylsulfonate (MTSES), and Karlin, 1994). Methanethiosulfonate-ethylammonwhich reacts covalently with exposed cysteines (Akabas ium (MTSEA), a positively charged reagent used sucet al., 1992; Kurz et al., 1995; Pascual et al., 1995) , and cessfully with cysteine point mutants of other K ϩ chantetraethylammonium (TEA), a reversible open-channel nels, was found to be an inadequate probe for minK. pore blocker (MacKinnon and Yellen, 1990; Yellen et al., MTSEA irreversibly blocks both wild-type minK and cys-1991).
teine-free C107A-minK in which the single native cysteMinK is found in the plasma membrane of cardiac ine in minK is mutated to alanine (see Experimental Procedures); this appears to result from modification of the and auditory cells where it appears to mediate a slowly cysteine in a non-minK protein that is critical for minK activating, voltage-dependent, K ϩ -selective current (Fochannel function (Tai et al., 1996) . On the other hand, lander Honore et al., 1991; Sakagami et al., the negatively charged reagent MTSES blocks neither 1991; Freeman and Kass, 1993; Varnum et al., 1993;  wild-type minK nor C107A-minK and is thus a useful Marcus and Shen, 1994) . Expression of the protein in scanning agent (Table 1) . Xenopus laevis oocytes induces a current with similar To identify residues that might contribute to a channel kinetics, selectivity, pharmacology, and regulation (Tapore, minK positions 42-55 were mutated individually kumi et Hausdorff et al., 1991; Blumenthal and to cysteine in the otherwise cysteine-free C107A protein. Kaczmarek, 1992; Swanson et al., 1993; Mutation of positions 44, 45, and 47 renders minK sensi-1993). Yet, minK has just 130 amino acids and shows tive to irreversible blockade by MTSES (Figures 2A and  2B ). Cysteine substitution of the other positions produces functional channels that, like L43C, L46C, and ‡ These authors contributed equally to this work.
1, 3, and 10 mM MTSES (Figure 3 ). Though exposure to higher concentrations of MTSES results in more rapid development of block, the same final fraction of block is achieved at all 3 levels. In all experiments, block is irreversible and shows no change with washout of MTSES ( Figure 3 ). Varying test-pulse duration from 2 s to 3 min (40 oocytes), interpulse duration from 0 to 3 min (46 oocytes), and command voltage from Ϫ10 to 40 mV (44 oocytes) has no effect on the time course or magnitude of block of A45C-minK channels. This suggests that position 45 is exposed to the external aqueous milieu in both open and closed channels and occupies a site superficial to the transmembrane electric field. This is not unexpected: MTSES is negatively charged and unlikely to enter deeply into a cation-selective channel (Akabas et al., 1992) . MTSES inhibition of A45C-minK channels is not due to changes in channel gating kinetics (Table 1 ). This suggests that block is direct and not via allosteric effects on protein conformation. The notion that MTSES blocks given for the amino acids studied in this report. Positions in bold tyric acid receptor (Akabas et al., 1992 (Akabas et al., , 1994a (Akabas et al., , 1994b  are those identified here to alter MTSES (closed circles) or TEA Xu and Akabas, 1993; Kurz et al., 1995; Pascual et al., binding (open circles).
1995). However, in the absence of voltage or state effects commonly associated with a pore blockade, we sought further support for this mechanism. I48C-minK (Figure 2A ) or C107A-minK (Table 1) , exhibit wild-type K ϩ selectivity, gating, and insensitivity to MTSES.
TEA Blocks MinK via Direct Pore Occlusion TEA blocks a wide variety of potassium channels in The kinetics of MTSES blockade can be studied by abrupt exposure of oocytes expressing A45C-minK to the millimolar affinity range by direct pore occlusion Tail current reversal potentials and voltage-dependent blockade were studied by opening channels with a 10 s pulse to 20 mV and measuring current 25 ms after shifting to test potentials of from Ϫ110 to Ϫ10 mV (V rev) or Ϫ50 to 10 mV (block); electrical distance (␦) was calculated from K i(V) ϭ Ki(0)exp(z␦FV/RT), where Ki(0) is the zero-voltage inhibition constant, z is the valence of the blocking ion and ␦ is the fraction of the applied voltage drop experienced at the blocker's binding site, as described . Activation kinetics were evaluated by opening channels with a 10 s test pulse to 20 mV from Ϫ80 mV and taking the ratio of macroscopic currents at 10 and 2 s; deactivation kinetics were studied by the same protocol at Ϫ70 mV in the presence of 20 mM external KCl. Deactivation was fit according to I(t) ϭ A 0 ϩ A 1 (exp(t/ 1 ) ϩ A 2 exp(t/ 2 ) where A 0 represents the current at steady-state, and A 1 and A 2 the amplitudes of the components represented by time constants 1 and 2 , respectively. Inhibition constants (K i ) were determined after lead subtraction as described . The time constant for MTSES block () and fraction of unblocked current (f bl ) were estimated as in Figures 3 and 6 and found to be 197 Ϯ 33 s (3 oocytes) and 86 Ϯ 5 s (9 oocytes) for 1 and 3 mM MTSES, respectively. Test solutions were ND-96 in which NaCl was isotonically substituted by 18 mM KCl, 5 mM barium chloride (Ba 2ϩ ), 75 mM tetraethylammonium chloride (TEA), or 10 mM sodium MTSES. Values are mean Ϯ SD for 4-7 oocytes. inhibition of minK is sensitive to increased K ϩ concentration on the opposite side of the membrane. This is shown by microinjection of KCl into oocytes, an approach developed by others to study regulation of oocyte protein synthesis (Lau et al., 1988) . Microinjection of 5-20 nmol KCl into oocytes expressing minK leads to a marked decrease in external TEA blockade (Figure 4) . The new equilibrium dissociation constants (K i ) are linearly dependent on KCl dose and stable from 30 to 120 min after microinjection. Microinjection of 20 nmol KCl shifts the minK reversal potential to more hyperpolarized potentials (Ϫ13 Ϯ 2 mV, 3 oocytes) and increases the magnitude of outward minK currents (51% Ϯ 13%, 3 oocytes). Microinjection of rubidium chloride also diminshes external TEA affinity ( Figure 5 ), shifts reversal potential, and increases outward currents (data not shown). Cesium chloride has only small effects, whereas sodium chloride is inactive (Figures 4 and 5) . Transion effects in other potassium channels are thought to indicate entry of internal permeant ions into the conduction pathway and subsequent destabilization of the external pore blocker on its site (Armstrong, 1969; MacKinnon and Miller, 1988) . Our findings are concordant with this idea since each injected cation decreases external TEA affinity according to its position in the relative permeability series determined for open minK channels . TEA thus appears to bind in the external minK channel pore, a region we postulated to mediate MTSES blockade. This suggests that sites for the 2 blockers might overlap.
TEA and MTSES Interact Negatively
When A45C-minK channels are blocked first by TEA and then abruptly exposed to MTSES (in the continued presence of TEA), the rate of irreversible MTSES blockade is markedly slowed ( Figure 6A ). As TEA concentration increases, the time constant of MTSES block increases linearly while the final magnitude of irreversible MTSES block is unchanged ( Figure 6B ). This is a demanded result if TEA and MTSES bind to the pore in block are directly proportional to the fraction of TEA is the measured current after MTSES and Io the current before unblocked channels at equilibrium (fu). Thus, fu is well MTSES, for 4-20 oocytes (mean Ϯ SD). Solid bars, mutants for which described by the single-site isotherm:
block was significantly different (p < .05) than wild type (WT) and C107A-minK.
(1) (MacKinnon and Yellen, 1990) . Two lines of evidence where [TEA] is the test concentration of TEA and K i is indicate that TEA block of minK channels occurs by the the equilibrium inhibition constant for TEA block at the same mechanism. First, TEA acts in a voltage-sensitive command voltage under study. Further, the MTSES manner . TEA blocks A45C blocking rate Ϫ1 for A45C-minK is well described by: and wild-type minK as if partially penetrating the electric field to a receptor site ‫%51ف‬ of the way across the transmembrane potential drop (Table 1) Figure 2A ; scale bars represent 0.2 A and 2 s. The plot (right) shows relaxation of currents measured after application of various concentrations of MTSES at 10 s into each test pulse (I, measured current; Io, current before MTSES application). Protocol: after 6 control pulses, ND-96 bath solution was exchanged for MTSES solutions (MTSES) for 8 min (1 mM, diamonds), 5 min (3 mM, open triangles), or 3 min (10 mM, inverted triangles) and then changed back to ND-96, or perfused continuously with ND-96 (circles). Solid curves are single-exponential fits to the inhibition time-course; time constants are in Table 1. where and o are time constants in the presence and (3-5 oocytes). Further, reaction of MTSES with cysteine at positions 45 and 47, covalently modifying these sideabsence of TEA, respectively. Equation 2 indicates that a test concentration of TEA equal to its K i should slow chain moities, decreases TEA affinity 55% Ϯ 10% and 53% Ϯ 13%, respectively (3-8 oocytes; see Figure 1 ). the rate of irreversible MTSES block twofold. In fact, the level of TEA predicted to halve the rate of MTSES block
The gating of one mutant, Y47C-minK, is changed from wild type (see Figure 2A) , and conclusions regarding the from the dose-response shown in Figure 6 is 114 Ϯ 10 mM, whereas the Ki for TEA block of A45C-minK at ϩ20 natural exposure of this site must be made with caution. Conversely, maintenance of wild-type K ϩ -selectivity, mV calculated from tail current measurements is 112 Ϯ 26 mM (Table 1) .
gating, and barium block in A45C-minK (Table 1 ) and the other 13 cysteine mutants (data not shown) supports the idea that the overall structure of these proteins is Binding Site Determinants for TEA and MTSES Overlap not grossly disrupted. Other support for the idea that this region coordinates TEA binding is that mutation to cysteine of positions 46, Discussion 47, 48, and 55 decreases TEA affinity 40% Ϯ 13%, 82% Ϯ 4%, 24% Ϯ 1%, and 120% Ϯ 12%, respectively
Covalent Bond Formation Locates 3 MinK Residues in the Channel Pore
We show here that mutation to cysteine of minK positions 44, 45, and 47 renders channels susceptible to inhibition by MTSES via covalent modification. We show that mutation of positions 46, 47, 48, and 55 alters renonspecific process requiring levels of minK cRNA 1-2 orders of magnitude higher than used here (Shimbo et versible block by TEA, and we infer that TEA blocks minK by a direct pore-occlusion mechanism based on its al., 1995; Tzounopoulos et al., 1995a). sensitivity to transmembrane voltage and to permeant cations on the opposite side of the membrane. Finally, Altering Intracellular Ionic Composition of Intact Oocytes by Microinjection we show that TEA slows the rate but not the magnitude of MTSES blockade of A45C-minK channels and, recipMinK is difficult to study in membrane patches because of its extremely small unitary conductance and low currocally, that MTSES modification of A45C-minK decreases TEA affinity. These findings support the thesis rent density (Freeman and Kass, 1994; Yang and Sigworth, 1995) . In addition, minK is sensitive to small that TEA and MTSES bind at interacting sites in an external ion channel vestibule and that minK residues contribchanges in intracellular pH, calcium and other second messenger levels, and redox potential (Busch et al., ute directly to these sites. The sites are "interacting" rather than "overlapping", because TEA continues to 1992b TEA continues to , 1995 Yeh et al., 1994) . Microinjection of salt solutions appears to address some of these experimenblock MTSES-modified channels, albeit with diminished affinity, and thus binding is not mutually exclusive.
tal impediments by allowing reproducible whole-cell current measurements despite manipulation of intracelOur results are not consistent with a purely regulatory role for minK (Attali et al., 1993) . Moreover, the observalular ionic conditions. That it was possible to evaluate the effects of increasing internal KCl on external blocktion that native oocyte channels can be activated by over-expression of a wide variety of exogenous memade of minK by TEA suggests that many aspects of the intracellular milieu remain stable despite the procedure. brane proteins is now recognized to be the result of a (Hausdorff et al., 1991) between 5Ј and 3Ј untranslated intracellular K ϩ by ‫05ف‬ mM to 140 mM, leading to an segments that favor high levels of channel expression in oocytes 11 mV shift in E K and a 55% increase in outward K ϩ (Wang and Goldstein, 1995) . Mutants were confirmed by DNA securrent, close to the observed values. Microinjection to quencing, and cRNA was synthesized as previously described alter internal ionic composition may thus facilitate the (Wang and Goldstein, 1995) . All cysteine point mutants were otherstudy of other channels whose function is unstable in wise cysteine free (C107A-minK).
off-cell mode. Kinnon, 1995; Miller, 1995) . Finally, that the negatively MTSEA was applied to C107A-minK for 3 min by the protocol of charged reagent MTSES can modify position 47 sug- Figure 3 , 52% Ϯ 6% (mean Ϯ SEM) of the current was blocked after MTSEA washout (5 oocytes).
gests that channel selection against anion conduction occurs at a more C-terminal minK location.
